Many parts and structures for aerospace engineering, marine engineering, bioengineering, etc. are made of titanium alloy because of its excellent physical, chemical, biological and mechanical properties. These days, bio and medical technologies have developed, so more precise and smaller parts of this alloy are required to be machined. However, end milling of this alloy is not easy though many different types of coated end mills have been developed. In this paper, a micro ball end mill with a microstructured rake face was fabricated using focused iron beam irradiation. Then, the effects of different microstructured rake faces on cutting forces of titanium alloy Ti-6Al-4V were experimentally investigated for better machining conditions of this alloy. As a result, it was found that some particular types of microstructured rake faces reduced the cutting forces effectively.
Introduction
Titanium alloy has been widely applied to aero-engines, fuselages, marine structures, artificial joints, implants, etc. because of its high specific strength, superplasticity, corrosion resistance, biocompatibility, and other excellent physical, chemical, biological and mechanical properties. Nowadays, machining small parts and elements of this alloy with rather complicated configurations is increasingly required in biomedical engineering, microsystems and various fields of microengineering [1] . It is, however, not easy to end-mill this alloy efficiently at higher cutting speeds because there is only a few data of machinability reported so far for precise micromachining of this alloy with a small or miniature tool [2, 3] .
Using a coated tool does not always improve tool life in end milling of this alloy. It was recently reported that some particular coated tools show high performances in end milling titanium alloy at certain cutting conditions [4, 5] . Nevertheless, there are strong requirements for improving the machinability of titanium alloys from various technological points of view.
Some special cutting technologies, such as rotary cutting [6] , cutting using high pressure coolant [7] , air jet assisted machining [8] , etc. have been often applied to machining titanium alloy for extending tool life at higher cutting speeds. Unfortunately, these machining methods are not able to be used for micro end milling with a miniature tool except cryogenic machining [9] and laser assisted micro end milling [10] . Numerical analysis of machining of this alloy [11] , e.g., finite element modeling of end milling of the alloy [12] could be applied to the optimization of the cutting conditions for micro ball end milling with a miniature tool.
Quite recently, it was found that microstructured rake face are effective in reducing the friction force and the coefficient of friction at the tool face when they were applied to machining aluminum alloys A5052 [13, 14] and A6061-T6 [15] , in which the two aluminum alloys showed different reduction maps of cutting forces with respect to cutting speed. These facts suggest that some microstructured faces could improve tribological behavior in metal machining of other workpiece materials.
In this paper, micro ball end mills with different types of microstructured rake faces were fabricated using focused iron beam (FIB) irradiation. Then, they were applied to machining titanium alloy Ti-6Al-4V. The chip forming processes were visualized using a high speed camera. The effects of different types of microstructured rake faces on changes in the cutting forces and chip flow were investigated and discussed for improving the performance of micromachining of the titanium alloy.
Experimental method
Micro end milling of titanium alloy Ti-6Al-4V was conducted with an uncoated ball end mill on a desktop milling machine placed on a vibration free table. The experimental setup for this study and a schematic of machining experiment are shown in Figs. 1 and 2 , respectively. A workpiece of Ti-6Al-4V was fixed on a piezoelectric dynamometer for measuring cutting forces. A high speed camera and lighting apparatus were set at a proper position to take pictures of chip formation during micromilling processes. Cutting conditions are as follows: dry machining without cutting fluid, tool rotational speed ω = 6000−18000 min -1 , the axial depth of cut a p = 100 µm, the radial depth of cut (cross feed) a e = 25−100 µm and feed rate f = 3.2−12.8 µm/tooth. ground away with proper relief angles so that only a tooth with a microstructured rake face would be engaged in end milling. A ball end mill with only a tooth and an area to be microstructured are shown in Fig. 3 . Four different arrangements of grooves in black for microstructured faces called "horizontal," "vertical," "parallel" and "perpendicular" types are shown in Fig. 4 . Both the width and interval of grooves were set to be 5 µm. They were fabricated at the microstructured area using raster scanning of FIB irradiation. At the horizontal and vertical types of microstructured rake faces, grooves were parallel to the radial and axial directions of an end mill, respectively. In contrast, at the parallel and perpendicular types of microstructured faces, they were made along the directions approximately parallel and perpendicular to the cutting edge engaged in end milling, respectively. Changes in the three components of cutting forces in feed, cross feed and axial directions Fx, Fy and Fz were measured using a piezoelectric dynamometer with a force threshold of 0.002 N, which was much smaller than the maximum cutting forces measured. According to the above cutting conditions, cutting time per tooth was of the order of 1 ms. Thus, cutting forces varied at a very high frequency of the order of 1kHz, which is lower than the natural frequency of the dynamometer 4 kHz. The cutting forces measured for microstructured tools were compared with those for a not structured tool, which will be called "not-structured" below.
In addition to measuring cutting forces, chip formation process was investigated from its snap shots taken using a digital high speed camera. The camera was positioned to view the chip formation towards the feed direction as shown in 
Results and discussion

Microstructured rake face
Four different types of microstructured rake faces called "horizontal," "vertical," "parallel" and "perpendicular" fabricated at the specified area, a magnified view of perpendicular grooves and a micro ball end mill with a microstructured face are shown in Figs. 5, 6 and 7, respectively. The irradiation time of FIB was 80 min. 
Structured area
It is seen that the grooves were etched wider than the specified value. According to Fig.  6 a groove is 5.5 µm wide and the space between grooves is 4.5 µm on an average. Because the scanning lines of FIB were not off-set by the radius of the spot of FIB, the spot size of FIB is roughly estimated to be 0.5 µm in diameter. The relationship between the depth of groove and FIB irradiation time is shown in Fig. 8 . The groove depth was 1.2, 2.2 and 3.1 µm for irradiation time 40, 80 and 120 min, respectively. The depth of groove etched by FIB irradiation is approximately proportional to the irradiation time though the removal rate of cemented carbide decreased a little with time gradually.
Cutting forces
Cutting forces measured for two cuts with a not-structured face of an end mill is shown in Fig. 9 .
Change in the maximum values of feed, cross-feed and axial forces Fx, Fy and Fz with feed per tooth for the not-structured rake face and the vertical and horizontal types of microstructured rake faces are shown in Figs. 10(a), (b) and (c), respectively. The depth of microgrooves was 2.2 µm. These figures indicated that the two types of microstructured rake faces are effective in reducing cutting forces. , ap = 100 µm, ae = 50 µm, f = var.
Changes in the maximum values of cutting forces Fx, Fy and Fz with radial depth of cut and tool rotational speed, which were obtained for the not-structured rake face and the vertical and horizontal types of microstructured rake faces, are shown in Figs. 11 and 12 , respectively. The depth of microgrooves was 2.2 µm. From the results, it was found that the vertical and horizontal types of microstructured faces are effective in reducing cutting forces over a wide range of cutting conditions. A SEM micrograph of the perpendicular type of microstructured rake face taken after cutting experiment is shown in Fig. 13 . There is no visible damage on the tool, but a certain amount of adhesion of the work material is seen along the cutting edge and a side boundary of tool-chip contact area. It was also seen that the work material was smeared at the flank face of the tool. However, there was no strong adhesion of the work material on the grooves.
The mean resultant cutting forces for four feed rates 3.2, 6.4, 9.6 and 12.8 µm/tooth was calculated from the maximum values of cutting forces Fx, Fy and Fz for each type of microstructured rake face, and then, normalized with respect to the value for the not-structured rake face. The normalized forces for eight tools with different microstructured faces including not-structured type were compared with each other as shown in Fig. 14 . The tool rotational speed was 12000 min -1 and the axial and radial depths of cut were 100 µm and 50 µm, respectively. In this figure and Fig. 15 shown later, term "(d)" means "deep" and indicates that the grooves were etched to 3.1 µm in depth by FIB irradiation for 120 min. It is seen that "perpendicular and deep", vertical, "vertical and deep" and horizontal types of microstructured faces reduced the resultant cutting force sharply: reduction by vertical type was as large as 25%. By contrast, the parallel and perpendicular types of microstructured faces increased the resultant cutting force by 6-7%. Next, the mean resultant cutting forces for four radial depths of cut 25, 50, 75 and 100 µm was calculated for each type of microstructured rake face. Then, it was normalized with respect to the value for the not-structured rake face and compared with those for other different types of microstructured rake faces and not-structured rake face as shown in Fig.  15 . Although the parallel and perpendicular types of microstructured faces increased the resultant cutting force by about 10%, "perpendicular and deep", vertical, "vertical and deep" and horizontal types of microstructured faces effectively reduced the resultant cutting force by 15-20%. Generally, deeper grooves are likely to provide smaller cutting forces. Therefore, if grooves are much deeper than 3.1 µm, the parallel type of microstructured rake face could reduce cutting forces by around 20 %.
According to the results of reference [15] , grooves parallel to the cutting edge were effective in reducing cutting forces and the coefficient of friction in orthogonal high speed machining of aluminum alloy though the depth of grooves was 1µm. However, this finding for orthogonal machining does not seem to be directly applied to micro ball end milling of titanium alloy at relatively low cutting speed about 10-20 m/min and very small feed per tooth about 5-10 µm, in which a chip forms obliquely to the cutting edge at a particular chip flow angle, side curl as well as up curl under the mechanism of three dimensional machining.
Chip formation
A snap shot of chip formation using a tool with the horizontal type of microstructured rake face is shown in Fig. 16 . It was clearly seen that a partially formed chip, which was not long enough to cover the microstructured area, was sliding over the microgrooves. Snap shots of longer chips forming with the two different microstructured rake faces are shown in Fig. 17 . Chips were not so clear because the tool face was out of focus by rotating from the focused position of Fig. 16 . Nevertheless, it was obvious that chip flow directions for the vertical and horizontal types of microstructured rake faces were quite different. Namely, a chip produced using a tool with a particular type of microstructured face was forced to change its flow direction.
The tool-chip contact length is short for machining titanium alloy compared with machining carbon steels, aluminum alloys, etc. Localized shear along the shear plane and resulting serrated chip formation are main reasons for the short contact length, which was predicted by finite element modeling of machining titanium alloy [11] . The morphology of a chip produced by cutting experiment is shown in Fig. 18 . It is seen that although the chip was very thin, the irregular surface with deep serration was produced during chip formation. The mechanism of serrated chip formation with the short contact length was discussed based on grid deformation at the chip side surface experimentally obtained and change in temperature distribution calculated for a cycle of serrated chip formation [16] . According to these references, the tool-chip contact length in machining titanium alloy is of the order of the undeformed chip thickness. Therefore, change in chip formation mechanism involving chip flow direction and side and up curl curvatures is necessary for large reduction of cutting forces because the further reduction of the tool-chip contact length is not easy to occur. The horizontal and vertical types of microstructured faces must have a definite influence on the chip flow direction because the chip flows across the microgrooves obliquely. In contrast, the parallel and perpendicular types of microstructured faces are not likely to change chip flow direction as far as the depth of microgrooves is not deep.
